Full-cycle computational fluid dynamics simulations with gasoline chemical kinetics were performed to determine the impact of breathing and fuel injection strategies on thermal and compositional stratification, combustion and emissions during homogeneous charge compression ignition combustion. The simulations examined positive valve overlap and negative valve overlap strategies, along with fueling by port fuel injection and direct injection. The resulting charge mass distributions were analyzed prior to ignition using ignition delay as a reactivity metric. The reactivity stratification arising from differences in the distributions of fuel-oxygen equivalence ratio (f FO ), oxygen molar fraction (x O2 ) and temperature (T) was determined for three parametric studies. In the first study, the reactivity stratification and burn duration for positive valve overlap valve events with port fuel injection and early direct injection were nearly identical and were dominated by wall-driven thermal stratification. nitrogen oxide (NO) and carbon monoxide (CO) emissions were negligible for both injection strategies. In the second study, which examined negative valve overlap valve events with direct injection and port fuel injection, reactivity stratification increased for direct injection as the f FO and T distributions associated with direct fuel injection into the hot residual gas were positively correlated; however, the latent heat absorbed from the hot residual gas by the evaporating direct injection fuel jet reduced the overall thermal and reactivity stratification. These stratification effects were offsetting, resulting in similar reactivity stratification and burn durations for the two injection strategies. The higher local burned gas temperatures with direct injection resulted in an order of magnitude increase in NO, while incomplete combustion of locally over-lean regions led to a sevenfold increase in CO emissions compared to port fuel injection. The final study evaluated positive valve overlap and negative valve overlap valve events with direct injection. Relative to positive valve overlap, the negative valve overlap condition had a wider reactivity stratification, a longer burn duration and higher NO and CO emissions associated with reduced fuel-air mixing.
Introduction
Homogeneous charge compression ignition (HCCI) is a novel combustion mode that combines desirable features of spark-ignited operation, such as engine-out oxides of nitrogen (NOx) emissions comparable to threeway catalyst-out values from stoichiometric spark ignition (SI) applications and low engine-out soot emissions, with the efficiency potential of diesel combustion systems. [1] [2] [3] [4] It is anticipated that engines operating with HCCI will employ multi-mode combustion, with SI being used at higher loads. From the late 1990s, there has been an increasing trend toward gasoline direct injection (GDI) fuel systems to improve SI volumetric efficiency and to suppress knock at high loads due to charge cooling. [5] [6] [7] Direct injection (DI) systems have been used as a means to control combustion phasing as well as emissions during HCCI operation. 8, 9 Sjo¨berg et al. 9 demonstrated HCCI operation using a GDI fuel system and showed that low NOx and hydrocarbon (HC)/carbon monoxide (CO) emissions were possible with an optimal injection timing halfway through the intake stroke, speculating that under these conditions the mixture was homogeneous prior to ignition. However, as injection was retarded slightly past the optimal value, they observed higher NOx and CO emissions, which were attributed to increases in stratification with richer regions burning hotter (generating NOx) and leaner regions burning cooler (generating CO). Additionally, they found that late injection, during the compression stroke, results in a heterogeneous mixture, knocking combustion, high NOx and smoke, but relatively low CO and HC emissions resulting from locally higher combustion temperatures. Dec et al. 10 showed that fuel stratification might also be useful as a means to extend HCCI burn duration under boosted conditions with gasoline operation. Krasselt et al. 11 and Herold et al. 12 suggested based on metal-and optical-engine experimental results that any compositional or thermal stratification introduced is seemingly accompanied by a competing effect, such as locally high fuel concentration, but low air-fuel ratio, limiting the effects that stratification could have on HCCI combustion. On the other hand, we have recently shown 13 that thermal stratification achieved through negative valve overlap (NVO) can result in a significant increase in burn duration. Previous numerical work has provided insight into the importance of the stratification associated with DI. A study by Bansal and Im, 14 under conditions representative of HCCI, used two-dimensional (2D) direct numerical simulation (DNS) to investigate the correlation between thermal and equivalence ratio stratification and the stratification's impact on autoignition and front propagation characteristics. Spontaneous wavelike ignition front propagation 15 (sequential autoignition) was observed for a case with pure thermal stratification and also for a case with uncorrelated thermal and equivalence ratio stratification, whereas relatively homogeneous combustion was observed for a case with negatively correlated thermal and equivalence ratio stratification. More recently, Wolk and Chen 16 performed full-cycle computational fluid dynamics (CFD) simulations using a reduced gasoline mechanism with PRF73 as the fuel. They achieved partial fuel stratification (PFS) within the charge by direct-injecting part of the fuel during the compression stroke which resulted in richer regions being associated with lower temperatures due to evaporative cooling. They found that at elevated intake pressures, low-temperature heat release within the cooler, richer regions reduced the thermal stratification of the charge, and multi-stage sequential autoignition was observed based on the equivalence ratio stratification. On the other hand, under naturally aspirated conditions, the absence of low-temperature heat release resulted in offsetting thermal and equivalence ratio distribution effects, which led to minimal reactivity stratification within the charge and single-stage, nearly constant volume combustion. In our previous work, 13 we showed that a 23% increase in thermal stratification (defined based on 2 standard deviations (SDs) in temperature or 2sT), brought about by retaining large amounts of hot residuals through NVO operation, resulted in a 30% increase in the 10%-90% burn duration compared to positive valve overlap (PVO) operation. This is because with PVO operation, the levels of retained residual are quite low compared to NVO. It was also shown that compositional stratification brought about purely by retaining hot residuals (without direct fuel injection) does not have a significant impact on burn duration. In another prior work, 17 we showed that for a fixed ignition timing, the mean composition changes (lower oxygen concentration) brought about through 36% external exhaust gas recirculation (EGR) resulted in a small increase in burn duration (10% increase) compared to air-dilution under the conditions studied.
It is currently unclear how the varying levels of equivalence ratio stratification associated with the fuel injection event interact with other concurrent phenomena, such as the thermal and compositional stratification associated with the valve events under realistic gasoline HCCI engine conditions. The objective of this work therefore is to understand the concurrent impact of the injection strategy and valve events on the thermal and compositional stratification within the cylinder and the consequent effects on HCCI combustion duration, nitrogen oxide (NO) and CO emissions. To this end, full-cycle CFD simulations were performed with fully coupled gasoline kinetics. In this work, an early DI strategy is compared with a port fuel injection (PFI) strategy for both valve events at a constant fueling rate and ignition timing. These fuel injection strategies are evaluated for both NVO and PVO valve events, as the valve events can also influence the stratification within the cylinder. 13, 18 The resulting reactivity stratification associated with the thermal and compositional stratification is then visualized for both injection strategies, where the reactivity stratification is determined through the computation of the ignition delays with local state information from the CFD solution. The postcombustion domain is then analyzed for PFI and DI operation to determine the local post-combustion temperatures and the resulting NO and CO distributions for both strategies. Finally, the effect of valve strategy (NVO vs PVO) on combustion characteristics and emissions is evaluated in conjunction with DI, as an extension of our previous work 13 which examined the effect of valve strategy under PFI conditions.
CFD model details
The CFD software used in this work is KIVA-3V 19 fully coupled with multi-zone chemical kinetics. Chemistry is solved at every time-step in thermochemical zones rather than in every CFD cell based on a method developed by Babajimopoulos et al. 20 and modified by Kodavasal et al. 21 Zones in chemistry space are created by grouping cells with similar values of ''progress'' equivalence ratio, u, and temperature. New species concentrations computed in the zones are remapped onto the CFD cells for the fluid dynamic calculations. In this way, both mixing and chemistry are accounted for throughout the combustion event. This is in contrast to the quasi-dimensional multi-zone approach, which has also been used extensively to model HCCI combustion, where fluid dynamics is not fully coupled with chemical kinetics. [22] [23] [24] The variable u or ''progress equivalence ratio'' of Babajimopoulos et al. 20 was used to capture reaction progress within every cell
Here, C # , H # and O # represent the number of carbon, hydrogen and oxygen atoms, respectively, present within a CFD cell. The subscripts 2CO 2 and 2H 2 O indicate that the C, H and O atoms present in products of complete combustion (CO 2 and H 2 O) within the CFD cell are excluded from the computation of u. In equation (1) , z# is the ratio of the number of oxygen atoms to the number of carbon atoms in the fuel, which is 0 for non-oxygenated HC fuels. Based on the comparison of ignition timing and burn rates from CFD simulations that solve chemistry in every cell with the current multi-zone approach, 13 a zone resolution in chemistry space is chosen such that the maximum spread in u within a chemistry zone is limited to 0.03, while the maximum spread in T within a chemistry zone is limited to 5 K, similar to the zone resolution used by Som et al. 25 and Kodavasal et al. 26 In this work, this results in the creation on the order of 2000 chemistry zones from around 22,000 cells near top dead center (TDC).
The chemistry calculations use a 312-species mechanism, 27 reduced from a detailed gasoline mechanism by Mehl et al., 28 along with a corresponding fourcomponent gasoline surrogate 27 with the composition shown in Table 1 . This surrogate along with the gasoline mechanism (both detailed and reduced) has been shown to capture gasoline fuel chemistry characteristics, such as intermediate temperature heat release under boosted conditions, and has been evaluated against the HCCI engine experiments of Dec and Yang 29 by Mehl et al. 30 The standard k-e turbulence model is used in conjunction with standard KIVA-3V wall functions for heat loss predictions. The Taylor  analogy breakup (TAB) model 31 is used to model spray breakup for the cases which employ DI. The computational mesh is a three-dimensional (3D) mesh with moving valves that has cell sizes on the order of 1 mm at all times. This mesh is based on a single-cylinder fully flexible valve actuation (FFVA) research engine at the University of Michigan, which consists of a Ricardo Hydra gasoline block with a modified head and piston, along with a side-mounted gasoline direct injector. Specifications of the FFVA engine and the corresponding CFD mesh used are provided in Table 2 , while the computational mesh is shown in Figure 1 . The injector is a single-hole, side-mounted GDI swirl-type injector, which is situated between the two intake valves. The nominal injection pressure is 100 bar, and the spray angle is 70°. In the CFD model, the injector is modeled as a point source of Lagrangian droplets, situated at a 45°angle relative to the vertical axis of the cylinder, between the intake valves. The performance of this CFD model, under operating conditions (engine speed, fueling rate) similar to those used in this work, was evaluated using HCCI data from this engine provided by Olesky et al. 32 The results of this evaluation may be found in Kodavasal et al. 13 and Kodavasal.
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Conditions for CFD simulations
In all, four full-cycle CFD simulations were performed (PVO-eEGR-PFI, PVO-eEGR-DI, NVO-iEGR-PFI and NVO-iEGR-DI, where eEGR denotes external EGR, and iEGR denotes internal EGR) to compare the PFI and DI fueling strategies with both NVO and PVO valve events. These simulations were initialized at 80°crank angle (CA) after top dead center (aTDC), prior to the exhaust stroke (prior to exhaust valve opening (EVO)) of the preceding cycle and were then run without chemistry through the exhaust and intake events, and then with chemistry from intake valve closing (IVC) all the way up to the end of combustion of the current cycle (40°CA aTDC). It must be noted that chemistry during the NVO portion is not simulated in these cases. The internal residual is determined based on the ratio of masses at exhaust valve closing (EVC) and IVC. Multiple full cycles were not simulated. All simulations were performed at 2000 r/min with fixed component temperatures as given in Table 3 . Cycle simulations were performed with a detailed GT-Power model of the FFVA engine, including one-dimensional (1D) manifold and predictive component temperature models. Experimental pressures and boundary conditions were imposed with data from experiments corresponding to the NVO-DI-iEGR case. The component temperatures used as boundary conditions for the CFD simulation were roughly 25 K higher than those predicted by the GT-Power wall temperature solver (for the NVO-DI-iEGR case), in order to match the combustion phasing from experiments. The same component and valve temperatures were used for the PVO cases as well, even though in reality these would likely be higher, considering these cases require higher intake temperatures to match combustion phasing with the NVO cases. This was done in order to isolate the stratification effect arising from the presence of large amounts of residuals for the NVO cases, in this numerical experiment. The results are organized into three parametric studies. The first study compares PFI versus DI fuel injection with PVO under the conditions shown in Table 4 . The second explores PFI and DI fuel injection with NVO valve events, as shown in Table 5 . The final study examines DI fuel injection with PVO and NVO valve events, with the settings shown in Tables 4  and 5 (refer to the second columns in each table for the PVO and NVO cases, respectively). At IVC, the fuel mass is 9.3 mg per cycle, and the overall residual gas fraction (RGF) is between 42% and 43% for all the cases studied. The load predicted by these simulations is approximately 3 bar net indicated mean effective pressure (IMEP net ), which is a typical low-load operating point for this engine. For the DI cases, the start of injection (SOI) timing is at 330°CA before top dead center (bTDC), with an injection duration of 14.5°CA, while for the PFI cases the incoming fuel and air are PFI: port fuel injection; DI: direct injection; SOI: start of injection; bTDC: before top dead center; NVO: negative valve overlap; CA: crank angle; EGR: exhaust gas recirculation; RGF: residual gas fraction. Table 3 . Component temperatures used in CFD simulation.
modeled as premixed. The experimental setup has a nominal injection pressure of 100 bar. The NVO cases have an NVO of 157°CA, while the PVO cases have negligible valve overlap, as shown in Figure 2 . For the NVO case, the DI is during the expansion portion of the recompression event, while DI occurs during the intake stroke at the same CA for the PVO case. The two NVO cases do not have any external residual (i.e. external EGR), while the RGF with PVO is primarily external residual (external EGR) with approximately 7% internal residual, where both internal and external residuals are defined relative to the total charge mass.
To remove the mean compositional effects, the mean oxygen mole percentage (x O2 ) within the cylinder is maintained at 15%, while the mean fuel-oxygen equivalence ratio, f FO , of 0.44, calculated as follows, is also held constant The fuel-air equivalence ratio, f, is fixed at 0.55. The resulting overall charge dilution (f 0 ), 34 which is defined as f (1-RGF), is 0.30 for all the cases. RGF is defined here as the total residual gas mass fraction (internal and external) within the cylinder. The ignition timing, measured by the CA of 10% burn (CA10), is held constant at 1°CA bTDC for all the cases by adjustment of the intake temperature.
A note on the various equivalence ratio definitions used
In this work, five different definitions of equivalence ratios are mentioned/used in analysis. It is important to highlight the differences between these definitions and the relevance of each of them, in order to provide some clarity to the reader.
Progress equivalence ratio (u): this is defined in
equation (1) and was originally developed by Babajimopoulos et al. 20 in the multi-zone approach to solve chemistry. This equivalence ratio is not a conserved scalar and changes with the progress of combustion which is undesirable when creating multi-zone bins. Unfortunately, a conserved scalar cannot distinguish between the unburned, partially reacted and burned cells and will end up grouping these cells together during chemistry. However, the progress equivalence ratio varies with reaction progress and allows more physically consistent (and chemically accurate) thermodynamic similarity when grouping cells for the chemistry computations. In this work, this equivalence ratio is only used within the multi-zone model to create bins during the CFD simulation and is not used for any other analysis. 2. Fuel-air equivalence ratio (f): this is the traditional fuel-air equivalence ratio which is familiar to experimentalists and has been mentioned in this work purely for completeness. This is defined globally, using the mass of fuel and air within the cylinder. The initial global value of f at IVC in all the simulations in this work is 0.55. It is also not used in any of the analysis to understand reactivity stratification. 3. Dilution ratio (f 0 ): this is the fuel to charge equivalence ratio, as defined by Lavoie et al., 34 as f (1-RGF). Where RGF is the sum of internal residual and external EGR within the cylinder at IVC. This, like f, is only provided for the reader's reference and is not used in any of the analysis to understand reactivity stratification. This definition is important when one is more concerned with overall dilution of the charge than the nature of the diluent (excess air or combustion products). The initial global value of f 0 at IVC in all the simulations in this work is 0.30. 4. Fuel-oxygen equivalence ratio (f FO ): this is the equivalence ratio computed based on the ratio of the number of fuel molecules to oxygen molecules (whether from fresh air or products of lean combustion), as given by equation (2) . From the standpoint of reactivity and ignition delay, this definition is more relevant than the traditional fuel-air definition typically reported in the experiments, because the fuel does not distinguish between oxygen molecules from fresh air and oxygen molecules from products of lean combustion. This is the reason typical ignition delay correlations, such as the one used later in this work to quantify local reactivity within a CFD cell, adopt this definition in their formulation. The initial global value of f FO at IVC in all the simulations in this work is 0.44. 5. Atomic equivalence ratio (f atomic ): this is a ratio of the number of carbon and hydrogen atoms to the number of oxygen atoms, defined as
where C # , H # and O # represent the number of carbon, hydrogen and oxygen atoms, respectively. This definition of equivalence ratio represents a conserved scalar, in that the value of f atomic does not change with the progress of combustion, as it does not distinguish between atoms in reactants from products. This is particularly useful in understanding the level of richness/leanness a certain portion of the charge burned at. This does not correspond exactly to f FO , even for a non-reacting case, but is useful because unlike f FO , it does not change with the progress of combustion, that is, with the formation of reaction intermediates, and eventually products. The global value of f atomic in all the simulations in this work is around 0.60.
PFI versus DI under PVO conditions
Cylinder pressures and burn profiles
The first study evaluates the effect of PFI versus DI fuel injection with PVO valve events, using the settings shown in Table 4 . It can be seen from the computed cylinder pressure traces in Figure 3 that cylinder pressures are almost identical, with similar peaks and rise rates. From the comparison of the mass fraction burned profiles for the two injection strategies shown in Figure 4 , both cases have similar burn rates and identical 10-90 burn durations of 5.5°CA.
Relative impact of thermal and compositional stratification
A suitable metric is required to quantify the overall charge reactivity stratification, which controls the rate of sequential autoignition and burn duration of HCCI combustion. The charge reactivity's sensitivity to thermal and compositional stratification is determined through the use of the isooctane ignition delay correlation of He et al. 35 where a shorter ignition delay is indicative of a more reactive mixture
where t ign represents the ignition delay in milliseconds, P represents the pressure in atmospheres, f FO represents the fuel-oxygen equivalence ratio, x O2 represents the oxygen mole percentage, R is the universal gas constant (cal/K mol) and T is the temperature in Kelvin. It was shown in our previous work 13 that ignition delays from this correlation compare favorably against constant volume ignition predictions with the 312-species gasoline kinetics under typical pre-ignition HCCI conditions. It was also shown in that work that under the conditions studied here, the negative temperature coefficient (NTC) region is not important, since over 90% of the charge mass is hotter than 1000 K at the preignition condition of 10°CA bTDC. While more complex ignition delay expressions are available, 36 this simpler expression in a pure Arrhenius form is preferred for the clarity it offers regarding the relative importance of the key reaction space variables.
With equation (4) as a metric for charge reactivity, the quantities T, f FO and x O2 are used as reaction space dimensions. When evaluated over the span of the local thermodynamic states (i.e. the ''reaction space'') within the cylinder domain, the resulting distribution of ignition delays serves as an indicator of the charge's ''reactivity stratification.'' The burn rate trends were found to be consistent with this analysis. 13, 17 For a more quantitative understanding of reactivity stratification, the He et al. 35 ignition delay expression is used with the mean nominal pre-ignition conditions at 10°CA bTDC for these cases, where P = 24 bar, f FO = 0:44, x O2 = 15% and T = 1058 K. Under these conditions, a 10% change in ignition delay can be produced by relative changes in P, f FO and x O2 of 10.5%, 14.8% and 7.8%, respectively, and a 0.7% relative change in the temperature. Thus, the ignition delay and charge reactivity are much more sensitive to the changes in the temperature than either pressure or composition at these conditions. In absolute terms, a DT = 5.5 K is equivalent to a DP = 2.0 bar, a Df FO = 0:050 and a Dx O2 = 0:91%, producing a roughly 8% change in ignition delay. In other words, if stratification was defined by 2 SDs in these quantities, a 2sT of 5.5 K, a 2sP of 2.0 bar, a 2sf FO of 0.05 and a 2sx O2 of 0.91% would all represent an equivalent level of reactivity stratification.
Analysis of the pre-ignition reaction space Figure 5 shows the distribution of T and x O2 within the cylinder at the pre-ignition CA of 10°CA bTDC for the PFI (PVO-eEGR-PFI) case (top) and DI (PVO-eEGR-DI) case (bottom). The bins are colored by the mass within the bin relative to the total mass within the cylinder. From the figure, it can be seen that there is little stratification in the x O2 dimension, as 2sx O2 \ 0:14% for both PFI and DI, which is equivalent to a thermal stratification of 2sT \ 1 K. This follows from the analysis in the previous section, where DT = 5.5 K was found in terms of the He et al. 35 ignition delay correlation to have an effect equivalent to a 0.91% absolute change in x O2 . The pre-ignition thermal stratification is also similar, with 2sT = 78 K for the PFI case and 79 K for the DI case. Thus, the sensitivity of ignition delay to the pre-ignition stratification in oxygen concentration is approximately two orders of magnitude lower than the pre-ignition thermal stratification for both fueling strategies under PVO conditions. Figure 6 shows the distribution in terms of T and f FO within the cylinder at the pre-ignition CA of 10°C A bTDC for the PFI case (top) and DI case (bottom). The stratification in f FO for the PFI case is negligible, with 2sf FO = 0:004 (equivalent to 2sT of 0.44 K). For the DI case, there is more noticeable stratification in f FO , with 2sf FO = 0:121 (equivalent to 2sT of 13.3 K) due to the DI event. This follows from the analysis in the previous section, where DT = 5.5 K was found to have an equivalent effect as a 0.05 absolute change in f FO , in terms of ignition delay.
While there is over an order of magnitude higher stratification in f FO for the DI case compared to the PFI case, the burn profiles are almost identical for the two cases. The pre-ignition thermal stratification for the two cases is shown to be nearly identical in Figure 7 . Furthermore, looking at the pre-ignition (10°C A bTDC) reactivity stratification (generated by calculating constant volume ignition delays in every CFD cell using the He et al. 35 correlation) for the two cases in Figure 8 , it is apparent that the reactivity stratification for the DI case is almost identical to that of the PFI case, in spite of the noticeable f FO stratification. The reason for the identical reactivity stratification for the DI case is that the reactivity stratification of the PVO valve events is dominated by the thermal distribution, which has little correlation to the distribution in f FO , and this was shown to be identical to the thermal distribution for the PFI case with PVO. This is made even clearer when looking at the reactivity distribution for the DI case with the equivalence ratio stratification ignored, also shown as dashed lines in Figure 8 . To obtain this distribution, the ignition delays are calculated with the overall cylinder-average f FO in every CFD cell from the DI case. We see from Figure 8 that imposing the f FO stratification in the manner it exists (uncorrelated to T) for the DI case does not impact the overall reactivity stratification. This is because removing this equivalence ratio stratification (by imposing the same average equivalence ratio throughout the charge) does not alter the overall reactivity distribution.
NO and CO emissions
The overall engine-out NO in terms of emissions index NO (EINO) for both fueling strategies is well below 1 g/kg fuel (0.14 g/kg fuel for PFI and 0.19 g/kg fuel for DI). Both cases have relatively low CO (emissions index CO (EICO)) emissions indices as well-the DI case has an EICO of 2.64 g/kg fuel, while the PFI case has an EICO of 1.67 g/kg fuel.
PFI versus DI under NVO conditions
Cylinder pressures and burn profiles
The second parametric study examines the effect fuel injection with NVO valve events, using the settings shown in Table 5 . Figure 9 shows that the cylinder pressures resulting from PFI and DI operation with NVO valve events (NVO-iEGR-PFI and NVO-iEGR-DI, respectively, in the figure) are approximately similar. Figure 10 shows that 10-90 burn durations decrease by approximately 9.7% with DI, from 7.2°CA for the PFI case to 6.5°CA for the DI case. Thus, it seems that for fixed ignition timing and overall fuel energy content, there does not seem to be a major impact of fueling strategy (PFI vs DI) on in-cylinder pressure and burn rate under the conditions studied. It is, however, interesting to analyze the thermal and compositional stratification of the charge and its correlation to PFI and DI. Analysis of the pre-ignition reaction space Figure 11 shows the pre-ignition reaction space at 10°C A bTDC for the PFI and DI cases under NVO conditions, visualized by binning the post-processed CFD results in terms of T and x O2 in every CFD cell. The color axis indicates the mass fraction of the total charge within each of these bins. From Figure 11 , it can be seen that the overall stratification in x O2 is similar for the two cases, which indicates that the distribution in the oxygen concentration dimension is not a strong function of the fueling strategy. The stratification defined in terms of 2 SDs in x O2 (2sx O2 ) is 1.34% for the PFI case and 1.32% for the DI case. Using the sensitivities defined earlier, this is equivalent to approximately 8 K in thermal stratification. At the pre-ignition point, the thermal stratification (2sT) is 83 K for the DI case and 95 K for the PFI case. The reactivity stratification in oxygen mole percentage is thus an order of magnitude lower than the thermal stratification for both fueling strategies under NVO conditions. Figure 12 shows the pre-ignition reaction space at 10°CA bTDC for both cases visualized now in terms of T and f FO . We immediately observe a significant difference in the distribution of f FO for the two cases. The distributions of f FO and x O2 are similar to each other for the PFI case, without much stratification. The reason for this in the PFI case is that the distribution of both these quantities is driven by inhomogeneities in the mixing of hot residual (which has f FO = 0, and a lower value of x O2 compared to the fresh charge) with cooler fresh charge entering during intake (that has higher f FO and x O2 , compared to the residual). However, in the DI case, there is significant stratification in f FO compared to the PFI case, since the fuel does not enter along with the fresh air (that has oxygen) through the intake.
It can be seen from Figure 12 that the extent of stratification in the f FO dimension is higher for the DI case compared to the PFI case, where at pre-ignition 2sf FO = 0:04 for the PFI case and 0.34 for the DI case. From the relationship between T and f FO stratification established earlier, the reactivity stratification resulting from equivalence ratio stratification is equivalent to a 2sT of fewer than 4.4 K for the PFI case, and a 2sT of 37 K for the DI case. Thus, for the DI case, the resulting reactivity stratification in f FO (37 K equivalent) is much greater than that in x O2 (8 K equivalent), and on the same order as the thermal stratification (83 K). For the PFI case, the reactivity stratification in f FO (4.4 K equivalent), like the reactivity stratification in x O2 (8 K equivalent), is an order of magnitude lower than the reactivity stratification in T (95 K). Thus, the reactivity stratification and burn duration for the PFI case are dominated by thermal stratification. The mean gas temperatures are 1053 K for both cases. Figure 13 shows the reactivity stratification for the DI case plotted alongside the reactivity stratification for the same case calculated based on using the global mean f FO (ignoring f FO stratification). When the reactivity stratification is calculated based on the mean f FO , it mainly reflects the impact of thermal stratification, especially in regions of high reactivity (t ign \ ;1.5 ms). The stratification in f FO leads to lower reactivities for t ign beyond 1.5 ms, as shown in the figure. Overall, Figure 11 . Pre-ignition (10°CA bTDC) reaction space visualized in T and x O2 dimensions from the simulation of PFI and DI with NVO valve events. neglecting f FO stratification for the DI case with NVO events produces a tighter reactivity stratification distribution, which is in contrast to the DI case with PVO events, where f FO stratification does not impact the overall reactivity stratification (shown earlier in Figure 8 ). This is because introducing equivalence ratio stratification via direct NVO fuel injection into the residual reduces the ignition delay of the already hotter regions of the charge (the NVO residual), while it increases the ignition delay of the leaner regions of the charge (as there is no fuel associated with the cooler incoming air of the DI case), versus when the charge is at the global mean equivalence ratio. This in effect ''stretches'' the reactivity stratification compared to a case with pure thermal stratification.
It is important to note here that in some strategies, such as gasoline compression ignition (with injection during compression), fuel stratification is used as a means to increase charge reactivity by creating relatively richer pockets that serve as autoignition zones (i.e. advance ignition timing). 37 The goal of this work is to isolate the ignition timing effect from stratification effects on HCCI burn duration, since earlier ignition delays will typically have shorter burn durations, masking the effect of stratification in isolation.
In this case, we are trying to describe the effect of equivalence ratio stratification in the context of DI into NVO residuals on HCCI burn duration. Injecting fuel into the already hotter regions of the charge (the NVO residuals) further reduces the ignition delay of that portion of the charge, and simultaneously deprives the fresh incoming air of fuel (by not doing PFI), which in turn increases the ignition delay of the cooler portions of the charge, in effect ''stretching out'' the reactivity stratification that exists purely based on thermal stratification with a mean equivalence ratio. The stretched out reactivity stratification will result in a longer combustion duration, if ignition timing is kept fixed (by manipulating IVC temperature for example). In this work, the effect of fuel stratification on ignition delay has been removed by adjusting IVC temperature to keep ignition timing fixed in relation to PFI. Figure 14 shows the pre-ignition thermal stratification in terms of the cumulative temperature distribution taken from the CFD simulations at 10°CA bTDC for both the PFI and DI cases with NVO. From the figure, although the mean temperatures are the same, it is immediately evident that the DI case has a more compact temperature distribution compared to the PFI case, similar to the trend in thermal stratification (2sT), which decreases by 12.6% (95 K for PFI and 83 K for DI). The reduction in thermal stratification prior to ignition with DI is due to factors affecting the maximum (T max ) and minimum (T min ) temperatures of the DI charge. With DI, latent heat is absorbed from the hot residual by the spray as it vaporizes during the NVO injection, which reduces T max prior to ignition. An 8 K increase in intake temperature is required for the DI case to maintain ignition timing, where T in = 106°C for the DI case and 98°C for the PFI case. This in effect increases T min of the DI charge and serves to diminish the thermal stratification by reducing the temperature difference between the charge's leading and trailing edges. Figure 15 shows an Arrhenius plot of the ignition delays computed in every CFD cell at 10°CA bTDC using the He et al. 35 correlation for both the PFI and DI cases with NVO. It can be seen from Figure 15 that there is significant scatter in ignition delay at a given temperature for the DI case. Despite the differences in T max , the ignition delays at the leading edge of the DI and PFI charges in Figure 15 are predicted to be similar. The reason for this can be seen in Figure 16 , which shows the distribution in mass-weighted f FO over ignition delay for the PFI and DI cases. The mass-weighted f FO is calculated by making bins in ignition delay and performing a mass-weighted average of f FO of the CFD cells that fall in a given ignition delay bin. Here, the peak reactivities (noted by the shortest ignition delays) of the two cases are similar due to the higher maximum f FO of the DI case, which compensates for this case's lower T max . Also note that the equivalence ratio in Figure 16 is positively correlated to the ignition delay for the DI case. This is because the hottest, most reactive portions of the charge (representing the retained residual) are also richer in fuel, since DI fuel injection is into the hot residuals. For the PFI case in Figure 16 , there is not much variation in equivalence ratio over the range of ignition delays, since there is very little compositional stratification, and the range of ignition delays (reactivity stratification) is governed primarily by the thermal stratification. At a given ignition delay in Figure 15 , significant fluctuations in temperature for the DI case are noted as bands around the PFI distribution and result from the larger relative f FO variations noted for DI at a given temperature in Figure 12 . Figure 17 shows the cumulative reactivity stratification based on ignition delay calculations in every CFD cell at 10°CA bTDC for the PFI and DI cases. As discussed above, the leading 10% of the reactivity, with the shortest ignition delays, is approximately matched for the two cases, which is why the CA10 angles are matched for the two cases. Thus, for the DI case under the conditions studied, the increase in reactivity stratification is brought about by additional f FO stratification, which compensates for the lower overall thermal stratification that results from spray cooling and additional intake air heating. Consequently, the burn durations for the two fueling strategies are similar, with the DI case burning slightly faster. Figure 18 shows the mean in-cylinder temperatures for the two fueling strategies under NVO conditions, where it can be seen that the peak mean combustion temperatures are similar for both cases. Figure 19 shows the evolution of NO formation for the two cases, computed using the extended Zeldovich mechanism taken from Heywood 38 used in conjunction with the 312-species gasoline mechanism. 27 Despite the similar mean peak combustion temperatures, the NO produced postcombustion for the two cases differs vastly, with the DI case producing approximately an order of magnitude higher EINO compared to the PFI case (EINO = 1.07 g/kg fuel vs 0.11 g/kg fuel).
NO emissions
The post-combustion reaction space (at 6°CA aTDC) in Figure 20 is analyzed to explain the significant difference in NO emissions for the two cases (PFI on top), despite their similar peak mean temperatures. This CA is selected for analysis given its high level of global reaction progress, approximately 90% mass fraction burned for both cases, and also the fact that it represents the location of the peak mean in-cylinder combustion temperatures. The reaction space is visualized based on binning CFD results in temperature (x-axis) and f atomic (y-axis), which is computed in every CFD cell using equation (3) . The value of f atomic is unaltered by the progress of combustion and thus serves as a good marker of dilution history. The bins are colored by the total NO mass within the bin at 6°C A aTDC (CA90). The peak mean temperatures for both cases shown in Figure 18 are quite similar; however, it is clear from Figure 20 that the DI case has a larger distribution in local gas temperatures. Moreover, the highest local gas temperatures for the DI case are around 2500 K while those for the PFI case do not exceed 2100 K. In the figure, another curve is shown which qualitatively represents the variation in post-combustion temperatures with equivalence ratio (this is shown on the bottom picture in the figure). The mass average f atomic for both cases is roughly 0.60, and it is clear that the variation in local f atomic about this value is minimal for the PFI case. For the DI case, however, it is seen that there is significant stratification in f atomic about the mean, with significant portions of the charge having nearstoichiometric f atomic , and correspondingly lower local dilution. These locally ''less-dilute'' regions have higher burned gas temperatures, and there is enough mass in such regions to significantly increase overall NO output for the DI case compared to the PFI case. These results indicate that the poor mixing resulting from DI during NVO can lead to significant increases in NO emissions, and that a PFI or PDI (combination of PFI and DI) strategy might help to alleviate such conditions. Alternatively, one could increase injection pressure to improve mixing. 37 Figure 21 shows the evolution of CO as a function of CA in terms of EICO. The DI case shows a much higher EICO relative to the PFI case (14.44 g/kg fuel vs 2.04 g/kg fuel). Figure 22 shows the evolution of CO within the reaction space (at CAs 0°, 10°, 15°and 40°a TDC) visualized in terms of f atomic and temperature for both the PFI and DI cases, both with NVO valve events. For the PFI case, since there is lower stratification in f atomic , most of the combustion occurs near the global f atomic of roughly 0.60, whereas, for the DI case, a significant portion of the charge burns lean with f atomic ranging from 0.35 to 0.50 due to the stratification. From Figure 22 , it can be seen that compared to the PFI case, the DI case has more mass distributed in lower equivalence ratio regions. The DI case has a significant amount of CO produced in the leanest regions of the charge during the combustion process that do not reach the 1500-1600 K temperatures (indicated by the red dashed line in the figure) needed to ensure conversion of CO to CO 2 . These temperatures are in proximity to the minimum peak combustion temperatures (;1500 K) required for the complete oxidation of CO to CO 2 from single-zone HCCI simulations. 39 From the figures, it must be noted that there appears to be reduction in CO with progressing CA even at temperatures lower than 1500 K. This is likely due to mixing and homogenizing of the combustion products through the expansion stroke.
CO emissions
NVO versus PVO conditions with DI
In this work, so far, comparison has been made between DI and PFI under NVO and PVO conditions respectively. In a prior work, 13 we studied the effect of valve strategy (NVO vs PVO) on stratification and combustion duration under similar operating conditions, with PFI fueling (a comparison of the PVOeEGR-PFI and NVO-iEGR-PFI cases discussed in the current work). That work found that the NVO valve strategy resulted in a 30% longer burn duration relative to PVO, caused primarily by the increased thermal stratification associated with NVO. It was found that the compositional stratification brought about by the NVO strategy did not affect reactivity stratification and burn duration significantly.
The final parametric study presented in this work seeks to understand the inherent differences between NVO and PVO operation with direct fuel injection, particularly in terms of the mixing of the fuel spray with the surrounding charge. This is essentially a comparison between the PVO-eEGR-DI and NVO-iEGR-DI cases, with both cases having the same mean composition at IVC. The operating conditions for these two cases are listed in Table 4 (conditions for the PVO-eEGR-DI are listed in the second column) and Table 5 (conditions for the NVO-iEGR-DI are listed in the second column).
Stratification and combustion characteristics
The NVO case has a longer burn duration (6.5°CA 10-90) compared to the PVO case (5.5°CA 10-90), which represents an 18% increase in burn duration going from PVO to NVO under DI operation. This is lower than the 30% increase in burn duration, under similar conditions, observed when going from PVO to NVO with PFI operation as reported in our previous work, Kodavasal et al. 13 As discussed earlier, neither the PVO case nor the NVO case has a significant level of stratification in the x O2 dimension. Stratification in x O2 defined in terms of two SDs, 2sx O2 , is less than 0.14% for the PVO case and 1.32% for the NVO case. Using the sensitivities defined earlier, this is equivalent to less than 1 K in thermal stratification (2sT) for the PVO case and approximately 8 K in thermal stratification for the NVO case. At the pre-ignition point, the thermal stratification (2sT) is 79 K for the PVO case and 83 K for the NVO case. Thus, the compositional stratification in terms of oxygen mole percentage is not expected to have a significant impact on combustion duration for either case in relation to the thermal stratification. At the pre-ignition condition of 10°CA bTDC, the PVO case has lower stratification in f FO compared to the NVO case, with 2sf FO = 0:12 for the PVO case and 2sf FO = 0:34 for the NVO case. Using the sensitivities defined earlier, this is equivalent to less than 13.2 K in thermal stratification (2sT) for the PVO case and approximately 37.4 K in thermal stratification for the NVO case.
One reason for this could be that the PVO case has better mixing due to the higher turbulent kinetic energy (TKE) within the cylinder during the injection process during PVO, which is coincident with the intake event. Figure 23 shows the evolution of TKE as a function of CA for both the PVO and NVO cases, along with the intake events and injection event. Both the NVO and PVO cases have the same injection timing at 390°(30°F CA after gas-exchange TDC), as well as the same injection duration of 14.5°. For the PVO case, the inflow of fresh charge during the injection event potentially results in better mixing of the injected fuel with the surrounding charge due to the higher TKE levels within the cylinder as shown in Figure 23 . However, for the NVO case, injection is during recompression, when the valves are closed. From Figure 23 , the level of TKE is lower during the injection event for NVO. Another consideration is the states into which injection happens. For the NVO case, the air has to mix with the fuel, as well as with a substantial amount of internal residual, whereas, for the PVO case, fuel is injected into a wellmixed air-EGR mixture.
From Figure 24 , which shows the pre-ignition reactivity distribution for the two cases at 10°CA bTDC, it is clear that the NVO case has a higher stratification in reactivity compared to the PVO case, which is in line with the longer burn duration observed for the NVO case. The reason for this is that DI under NVO conditions reduces the overall thermal stratification in the charge as explained earlier, with the spray cooling the hot residuals (reducing T max ), which in turn requires a higher intake temperature (higher T min ) to maintain ignition timing.
NO and CO emissions
The higher pre-ignition f FO stratification for the NVO case compared to the PVO case with DI results in higher NO emissions from NVO operation, with EINO for the NVO case being 1.07 g/kg of fuel and 0.19 g/kg of fuel for the PVO case. Figure 25 shows that the peak mean combustion temperature is slightly higher for the PVO case (1935 K vs 1921 K). However, the reason for the higher EINO with NVO becomes apparent from the post-combustion reaction space visualized in terms of f atomic and T shown in Figure 26 . The color of the bins represents the amount of NO generated in that bin. The higher level of stratification in f FO (and thus f atomic ) prior to ignition due to poorer mixing of the directly injected fuel with the rest of the charge for the NVO case results in the less locally dilute regions that achieve relatively high post-combustion temperatures. This is responsible for the significant increase in NO generation within these regions. Due to the better mixing of injected fuel with diluents in the PVO case, there are no such regions of the charge with relatively high postcombustion temperatures; hence, the overall NO is significantly lower than in the NVO case. Keum et al. 40 found that increasing injection pressure and having a wider injection cone angle resulted in a significant reduction in NOx emissions in their numerical study of HCCI combustion with late fuel injection. Perhaps, a higher injection pressure would help reduce NO emissions with DI during NVO as well. Figure 27 shows the evolution of CO within the reaction space visualized in terms of f atomic and temperature, for the PVO and NVO cases, both with DI. The CO emissions for the NVO case (EICO = 14.44 g/ kg fuel) are higher than those for the PVO case (EICO = 2.64 g/kg fuel). The reason for this is again linked to the higher levels of equivalence ratio stratification in the NVO case, which results in incomplete CO to CO 2 conversion in the relatively lean burning portions of the charge. For the PVO case, since there is lower stratification in f atomic , most of the combustion occurs near the global f atomic of roughly 0.60, whereas, for the NVO case, a significant portion of the charge burns lean with f atomic values ranging from 0.35 to 0.50, owing to the stratification. From Figure 27 , it can be seen that compared to the PVO case, the NVO case has more mass distributed in lower equivalence ratio regions. It can be seen that for the NVO case, there is a significant amount of CO produced in the leanest regions of the charge during the combustion process that do not reach the 1500-1600 K temperatures needed to ensure CO to CO 2 conversion.
Future work
Certain modeling simplifications were made in this work to achieve low computational expense and timeto-solution. Only a single simulation cycle was performed for each condition in this work. Furthermore, this work used a Reynolds-averaged Navier-Stokes (RANS) turbulence model, which could potentially smear out the effects of cyclic variation. The residual at EVO was assumed to be composed of complete combustion products. In reality, it is expected that various intermediate species, including unreacted fuel, and oxides of nitrogen may be present. These could in turn have an effect on ignition and combustion characteristics in subsequent cycles. Furthermore, in this work, chemical reactions during NVO were neglected.
With better parallelization of CFD codes to run on several cores, it is recommended that these studies be performed on a finer, grid-converged mesh, with a more sophisticated large eddy simulation (LES) turbulence model. It is recommended that multiple simulation cycles be run in order to reach a steady state in terms of residual fraction, or at least understand the variation in this over cycles, if convergence cannot be reached. With efficient parallelization of chemical kinetics, there is no reason to avoid chemical kinetics calculations during any portion of the simulation, provided enough computing resources are available. It is recommended that kinetics be left activated during NVO in order to capture potential NVO reactions that might affect ignition and combustion.
Summary and conclusion
In this work, full-cycle CFD simulations were performed with reduced gasoline chemistry using PFI and early injection DI fueling strategies, in conjunction with NVO and PVO valve events, which affect HCCI mixture preparation. The simulation results were analyzed in detail to determine the resulting impact of the mixture preparation strategy on charge thermal and compositional stratification, combustion and emissions. The effects of mean composition and combustion phasing were removed from the results by maintaining the mean oxygen mole fraction, equivalence ratio, RGF, fuel mass and CA of 10% mass fraction burned constant over all the simulations. The following conclusions can be drawn from this work:
1. The use of PFI or early DI fueling under PVO conditions does not significantly affect the characteristics of HCCI combustion. The f FO stratification resulting from DI is not correlated to the thermal stratification. More importantly, the reactivity stratification is dominated by the thermal stratification associated with wall heat loss; the stratification in f FO has a secondary and significantly lower impact on reactivity stratification. This results in identical reactivity stratification for the DI and PFI cases with PVO breathing strategies under the conditions studied. Due to the overall low equivalence ratio stratification, both DI and PFI strategies generate negligible NO and CO emissions with PVO. 2. For the NVO breathing strategy, DI of fuel into the hot residuals during recompression results in a positive correlation between the thermal and f FO distributions. However, the DI thermal stratification decreases relative to the PFI case for two reasons. First, the peak temperatures of the DI charge are reduced by latent heat absorption during the evaporation of the incoming fuel jet, while the minimum temperatures of the DI charge increase due to the additional intake manifold preheating required to maintain ignition timing. The combination of these effects results in an overall reactivity stratification similar to that of the PFI case. Consequently, the burn duration of the DI and PFI cases is similar during NVO operation. With NVO, the enhanced compositional stratification of the DI case produces significant pockets of high temperature burned gas with low dilution, resulting in an order of magnitude increase in NO emissions compared to the PFI case. The increased stratification also affects the CO emissions of the DI case, with the leaner regions of the charge not reaching temperatures sufficient for CO to CO 2 conversion. It must be noted that these results are for the single, representative low-load operating condition studied in this work. 3. Comparing the PVO and NVO valve strategies with DI, the NVO case has a longer burn duration, which is primarily a result of increased thermal stratification from the retention of large amounts of hot residual gas from the previous cycle. This is discussed in greater detail in our previous work 13 which focused on the impact of NVO and PVO valve strategies on reactivity stratification and combustion duration. In this work, it was found that the PVO case has better overall mixing of the injected fuel with the rest of the charge compared to the NVO case, possibly due to the higher TKE levels during PVO injection. This un-mixedness with NVO primarily impacts NO and CO emissions. Higher NO emissions result from NVO compared to PVO due to significant portions of the charge burning near stoichiometric and reaching higher combustion temperatures. On the other hand, the higher equivalence ratio stratification with NVO also results in significant portions of the charge burning lean of the global equivalence ratio, and not achieving the temperatures needed for complete CO to CO 2 conversion, resulting in higher CO emissions for the NVO strategy.
